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authorization for utilizing uas technology for a variety 
of environmental monitoring applications for the US 
Department of the Interior (http://rmgsc.cr.usgs.gov/
uas/). Technical developments in uas hardware, sen-
sors, post- processing soft ware, and workfl ow are rapidly 
advancing and have the potential to provide scientists 
with cost- eff ective mapping and imaging tools for en-
vironmental monitoring, including river applications 
(Lejot et al. 2007).

A river application relevant for natural resource 
managers in the Great Plains is monitoring emergent 
sandbar nesting habitat for endangered and threatened 
species including the interior least tern (Sterna antil-
larum athalassos) and piping plover (Charadrius melo-
dus). Various remote sensing platforms and imagers 
have been used to delineate the areal extent of sandbar 
features. Th ese include conventional aerial photography 
(Elliott et al. 2009; Elliott 2011), multispectral satellite 
imagery (Strong 2007), hyperspectral imaging (Leglei-
ter et al. 2011), and midwave thermal- infrared imaging 
(Kinzel et al. 2009). However, single images provide 

Introduction

Th e use of unmanned aircraft  systems (uas) in the 
United States is anticipated to increase once the Federal 
Aviation Administration (faa) develops guidelines to 
permit their widespread integration into the National 
Airspace System (nas). Once these regulations are es-
tablished, it is anticipated that uas technology will be 
used for a variety of civilian applications including envi-
ronmental monitoring (Ball 2013). Currently, universi-
ties, commercial companies, and government operators 
of unmanned aircraft  systems in the nas can apply for 
a certifi cate of authorization from the faa. Th e authori-
zation process also requires a radio spectrum approval 
from the National Telecommunications and Informa-
tion Administration. Th e United States Geological Sur-
vey (usgs) National uas Project Offi  ce routinely obtains 
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abstract— Th e US Geological Survey and Parallel Inc. conducted experimental fl ights with the Tarantula Hawk (T- Hawk) un-
manned aircraft  system (uas) at the Dyer and Cottonwood Ranch properties located along reaches of the Platte River near Overton, 
Nebraska, in July 2013. We equipped the T- Hawk uas platform with a consumer- grade digital camera to collect imagery of emer-
gent sandbars in the reaches and used photogrammetric soft ware and surveyed control points to generate orthophotographs and 
digital elevation models (dems) of the reaches. To optimize the image alignment process, we retained and/or eliminated tie points 
based on their relative errors and spatial resolution, whereby minimizing the total error in the project. Additionally, we collected 
seven transects that traversed emergent sandbars concurrently with global positioning system location data to evaluate the accura-
cy of the uas survey methodology. Th e root mean square errors for the elevation of emergent points along each transect across the 
dems ranged from 0.04 to 0.12 m. If adequate survey control is established, a uas combined with photogrammetry soft ware shows 
promise for accurate monitoring of emergent sandbar morphology and river management activities in short (1– 2 km) river reaches.
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measuring sandbar heights with rapid ground surveys 
using laser levels along the lower Platte River.

Our intent in this article is to describe a set of experi-
mental uas fl ights conducted in two study sites along 
the Platte River in Nebraska. Our goal was to assess the 
vertical accuracy of emergent sandbar elevations mea-
sured by a uas equipped with a readily available “off  the 
shelf ” digital camera, a network of ground control tar-
gets, and commercially available photogrammetry soft -
ware. We also discuss the post- processing workfl ow of 
the soft ware, which can signifi cantly impact the overall 
accuracy of the dem produced.

Study Sites

We chose two study sites for the evaluation of the T- 
Hawk survey methodology and accuracy on properties 
managed by the Platte River Recovery Implementation 
Program (prrip). prrip is developing and managing 
these lands as habitat complexes for threatened and 

limited information on the vertical structure of these 
habitats, information which is critical to understanding 
the potential risk, frequency, or spatial extent of inun-
dation. Further, sandbars are dynamic fl uvial landforms 
sculpted by the ebb and fl ow of water and infl uenced by 
fl oods and upstream sediment supply. For this reason, 
monitoring their spatial and temporal evolution in re-
sponse to natural events and/or management activities 
is a challenging endeavor.

High- resolution topographic mapping with aerial 
Light Detection and Ranging (lidar) instruments have 
been used routinely along the central Platte River in 
Nebraska for more than a decade. Visible wavelength 
water- penetrating (Kinzel et al. 2007) and conventional 
near- infrared lidars (Woodward 2008) can map topog-
raphy over spatial extents on the order of square kilome-
ters. Ground- based lidar or terrestrial laser scanning 
is another technology available for mapping emergent 
sandbars (Collins and Kayden 2006). More recently, Al-
exander and Zelt (2011) developed a methodology for 

Figure 1. Map showing the location of the unmanned aircraft system (uas) survey areas.
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Methods

uas System Description
Th e T- Hawk, also referred to as a gmav (gasoline Mi-
cro Air Vehicle), is operated by the usgs uas offi  ce in 
Lakewood, Colorado, and was designed and built by 
Honeywell International to provide aerial reconnais-
sance and surveillance for the United States Army. Th e 
T- Hawk is capable of vertical takeoff  and landing and 
can be controlled manually or autonomously with the 
use of a preprogrammed fl ight plan. Th e standard pay-
load pods include an avionics pod and a payload pod 
equipped with either a 768 × 494 pixel electro- optical 
camera or a 320 × 240 pixel infrared camera (Fig. 2). Th e 
system also contains a gps antenna for positioning. Th e 
T- Hawk can fl y up to 72 km per hour, has a range of 10 

endangered species in the Platte River basin. prrip has 
also implemented pilot- scale sediment augmentation 
projects on these properties to evaluate the logistical 
aspects of these operations and their cost eff ectiveness 
(Platte River Recovery Implementation Program 2011). 
Th e downstream site, referred to as the Cottonwood 
Ranch property, is owned by the Nebraska Public Power 
District and managed by prrip (Fig. 1). prrip initiated 
sand augmentation in the Cottonwood Ranch during 
the fall of 2012 and used bulldozers to push sand from 
an adjacent island into the active river channel. Th e 
upstream site, referred to as the Dyer property, is both 
owned and managed by prrip (Fig. 1). On the Dyer 
property, prrip installed a sand slurry pump in the fall 
of 2012 to introduce washed and sorted sand from an 
adjacent gravel pit into the active river channel.

Figure 2. T- Hawk in fl ight showing the location of the Canon PowerShot sx230hs mounted to the payload pod. 
Photograph by Mark Bauer, usgs.
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images and matching them together. Th is initial step 
allows the soft ware to compute the positions of the 
camera in each scene. Additionally, a camera calibra-
tion and optimization process is implemented that 
corrects for lens distortions. Ground control points are 
not required, but if available, can be added to place the 
scene in a user- defi ned coordinate system (e.g., Univer-
sal Transverse Mercator). A 3d point cloud is generated 
and then edited to remove erroneous points to reduce 
projection errors. Th e next step in the soft ware work-
fl ow builds the geometry of the scene, a 3d polygon 
mesh. Th e mesh can be edited in a limited fashion in 
PhotoScanTM at this step or edited extensively, utilizing 
third- party open- source program soft ware programs 
such as MeshLabTM. Th e fi nal step involves texturing the 
mesh and/or the generation of a georeferenced ortho-
photograph. Depending on the number of images col-
lected and the memory and graphics capabilities of the 
processing computer, this operation can take from a few 
hours to a few days to complete. Segments of imagery 
can also be parsed or “chunked” to increase processing 
effi  ciency in the workfl ow with these chunks reassem-
bled in post- processing to a produce a georectifi ed dem 
of the study sites.

uas Image Acquisition and Ground Control 
Surveys, Cottonwood Ranch Site

On July 23, 2013, we initiated fl ights at the river reach 
adjacent to usgs streamfl ow- gaging station 06768035, 
Platte River middle- channel, Cottonwood Ranch, near 
Elm Creek, Nebraska. (Fig. 1). We selected this site 
because of the proximity to the gaging station and the 
25 river transects that usgs has monitored since 2000 
(Kinzel et al. 2006). Th e authors were joined by staff  
from the prrip executive director’s offi  ce. A primary 
concern of prrip regarding uas operations over the 
river was the potential to interfere with fl edging birds. 
At the Cottonwood Ranch this risk was thought to be 
low because of the lack of nesting terns and plovers 
observed in the immediate vicinity. However, based 
on discussions with prrip personnel, this concern was 
justifi ed at the upstream Dyer site because nesting and 
fl edging birds had been observed at that location. Spe-
cifi cally, lower operating altitudes of approximately 61 
m above ground level (agl) were believed to have the 
potential to interfere with fl edging birds.

We fl ew the T- Hawk at multiple altitudes in the Cot-
tonwood Ranch, 121, 91, and 61 m agl, to collect imag-

km, a service ceiling of 2,438 m (with 46– 122 m typical), 
and a fl ight duration of up to 47 minutes (Honeywell 
International 2009).

Since mapping applications were not a primary de-
sign or operational consideration for the T- Hawk, usgs 
fabricated a camera mount that can be attached to the 
T- Hawk enabling the use of a lightweight (0.2 kg), in-
expensive (~$300) Canon PowerShotTM sx230hs 12.1 
megapixel (3000 × 4000) digital camera pointed at na-
dir (Fig. 2). Relevant camera parameters include a fi xed 
5 mm focal length and a wide- angle lens to minimize 
image distortion. Camera settings included a 0.000625 
second shutter speed to minimize blur and the ability 
to disable the image stabilization feature of the camera. 
We triggered exposures internally with Canon’s chdk 
developer’s script toolkit and programmed the camera 
to acquire an image every three seconds. At the nominal 
fi ght speed of 24 to 32 km per hour this interval pro-
vided suffi  cient image overlap for the photogrammetry 
soft ware. We provide the specifi cations of the imagery 
including pixel resolution and ground coverage for vari-
ous altitudes in Table 1.

Image Processing
We processed imagery from the uas fl ights at the uas 
offi  ce in Lakewood, Colorado, with the Agisoft  Photo-
ScanTM soft ware (Agisoft  2013). Th e soft ware uses mul-
tiple overlapping images, sophisticated image matching 
algorithms, and diff erences in camera perspective to 
reconstruct three- dimensional surfaces; this process 
is oft en referred to as structure from motion. Th e fi rst 
step in the soft ware workfl ow is the alignment of over-
lapping images by searching for common points in the 

Table 1.  Resolution and ground coverage calculated 
for Canon PowerShotTM sx230hs used in the 
uas fl ights

Altitude 
above 

ground 
level(m)

gsda 
width 
(cm)

gsda 
height 
(cm)

Photo 
width 

(m)

Photo 
height 

(m)

61 1.88 1.85 75.22 55.47

91 2.82 2.77 112.84 83.2

121 3.76 3.70 150.45 110.95
aTh e ground sample distance (gsd) is defi ned as the resolution of the 
photograph on the ground.
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Figure 3A. Digital elevation model of the Cottonwood Ranch study reach, showing the location of ground control points used in processing 
and transect points used for elevation comparison.

Figure 3B. Digital orthophotograph of the Cottonwood Ranch study reach, showing the location of ground control targets used in processing 
and transect points used for elevation comparison. The elevation diff erence is the rtk- gps elevation subtracted from the dem elevation at each 
transect point.
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Figure 3C. 2d plot of transect 16, Cottonwood Ranch study reach.

Figure 3D. 2d plot of transect 24, Cottonwood Ranch study reach.
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m3/s (usgs National Water Information System, http://
water.data.usgs.gov/nwis). Th e average depth measured 
in submerged areas was also 0.12 m (n = 56). We fl ew 
the T- Hawk in a pattern similar to the Cottonwood 
Ranch fl ight plan, at 121, 91, and 61 m agl. As with the 
Cottonwood site, we only used the imagery collected at 
61 and 91 m elevations to generate the orthophotograph 
and the dem used in the analysis. We established and 
surveyed with rtk- gps a total of 15 ground control tar-
gets: fi ve on the north bank, fi ve on the south bank, and 
fi ve additional targets on emergent bars. Additionally, 
we collected river transect surveys with rtk- gps along 
three of the sediment augmentation monitoring tran-
sects (3, 4, and 5) established in the site (Platte River Re-
covery Implementation Program 2011) (Figs. 4A– 4E).

Results

Cottonwood Ranch Site
Th e targets that we retained in the creation of the dem 
and their root mean square errors in three dimensions 
are provided in Table 2A. We paired rtk- gps transect 
points with coincident locations in the dem generated 
from the photogrammetry soft ware in a geographic 
information system (Fig. 3A). Th e diff erences between 
the two elevations (dem–  rtk- gps) at each rtk- gps 
point were overlain on the orthophotograph and are 
shown in Figure 3B. Th e survey points with diff erences 
between – 0.05 and 0.05 m are colored white to easily 
identify where areas of good correspondence were lo-
cated. Warmer colors indicate where the elevation of 
the dem fell below the elevation of the rtk- gps point. 
Th ese diff erences were not common and were predomi-
nantly observed in vegetated areas at the south end of 
transect 1. Cooler colors represent areas where the dem 
elevation fell above the rtk- gps elevation. Emergent 
sandbar points used in the vertical accuracy assessment 
were defi ned to include points along the ground survey 
that fell between wetted areas but were not covered in 
vegetation. Th ese points are colored purple in the 2d el-
evation plots (Figs. 3C and 3D). Transect 16 showed the 
greatest error between rtk- gps emergent sandbar point 
elevations and the dem (Fig. 3C). Th e errors in the dem 
along this transect suggest a consistent vertical bias, but 
the general shape of the bar surface appears to be rep-
resented. Th e error in this transect relative to the other 
transects could be attributed to eliminating two ground 
control points located near this transect, 121 and 122, 
from the processing procedure. As was mentioned pre-

ery for photogrammetric processing. However, only the 
imagery collected from the 61 and 91 m elevations was 
used to generate the dem (in meters above the North 
American Vertical Datum of 1988) and the ground truth 
comparison presented here. Th e fl ight lines created in 
the mission planning soft ware extended in an east– west 
direction parallel with the river and also in a north– 
south direction, providing 60% along- track and 50% 
cross- track overlap for image processing. Provisional 
streamfl ow during the data collection was approxi-
mately 3.4 m3/s at the Cottonwood Ranch streamfl ow 
gage (usgs National Water Information System, http://
water.data.usgs.gov/nwis). Th e mean depth observed 
along the surveyed transects was 0.12 m (n = 87). Th ese 
low fl ows provided large areas of emergent sandbars in 
the study reach.

We registered the aerial imagery by placing four 
ground control targets along the north bank of the river 
and four along the south bank of the river. (While the 
T- Hawk has an onboard gps, its accuracy was thought to 
be insuffi  cient for this application.) Each target consist-
ed of an orange 19 L bucket lid with a 1.27 cm diameter 
hole drilled through the center. Th e target was anchored 
using a 0.61 m length of 1.27 cm diameter rebar pounded 
through the hole. To increase visibility of the targets in 
the imagery, a compact disc painted a fl at black color 
was slipped over the top of the rebar and rested on the 
surface of the lid. Five additional targets were placed 
on emergent bars spaced through the mapping area. We 
surveyed the horizontal and vertical positions of each 
target with a real- time kinematic global positioning sys-
tem (rtk- gps). Th e precisions of the rtk- gps system re-
ported by the manufacturer are approximately 8 mm in 
the horizontal and 15 mm in the vertical (Trimble Navi-
gation 2013). We also collected topographic surveys, ori-
ented perpendicular to the river along four monitoring 
transects (1, 8, 16, and 24) using the rtk- gps instrument 
(Figs. 3A– 3D).

Dyer Site
On July 24, 2013, we fl ew multiple missions with the T- 
Hawk along the Dyer property. A representative from 
the prrip was present on this day to observe bird re-
sponse. Our observations indicated that the lowest alti-
tude fl ights (~61 m agl) did not appear to disturb birds 
near the river. Provisional streamfl ows measured at the 
usgs streamfl ow- gaging station 06768000 Platte River 
near Overton, Nebraska (Fig. 1), were approximately 2.8 
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Figure 4A (above). Digital eleva-
tion model of the Dyer reach, 
showing the location of ground 
control points used in process-
ing and transect points used for 
elevation comparison.
Figure 4B (right). Digital ortho-
photograph of the Dyer reach, 
showing the location of ground 
control targets used in process-
ing and transect points used for 
elevation comparison. The eleva-
tion diff erence is the rtk- gps 
elevation subtracted from the 
dem elevation at each transect 
point.
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Figure 4C. 2d plot of river transect 3, Dyer reach.

Figure 4D. 2d plot of river transect 4, Dyer reach.



Figure 4E. 2d plot of river transect 5, Dyer reach.
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the Cottonwood Ranch survey, we found only a few el-
evation diff erences that indicated the dem elevation was 
below the rtk- gps elevation. Th ese diff erences were 
most pronounced in the wet portion of the channel or 
along the banks. Elevation diff erences where the dem el-
evation was above the rtk- gps elevation occurred more 
frequently and were present in the wet portions of the 
channel (Figs. 4B, 4C, 4D, and 4E). Additional examples 
of the dem elevation extending below the water surface 
are in Figs. 4C– E. We report the root mean square error 
in elevation for the emergent points along the surveyed 
transects in Table 3B.

Th e sediment augmentation operations at the Dyer 
property left  large stockpiles of sand. We fl ew the T- 
Hawk at 61 and 91 m over these stockpiles to gather 
imagery, create a dem and estimate their volume (Fig. 
5). To aid in registration of the uas imagery and dem 
generation, we placed three ground control targets to 
the north, west, and south sides of the piles. Th e errors 

viously, this can reduce the overall error of the project 
but appears to have introduced local errors in the dem 
along this transect. While vegetated bars were not com-
mon in this reach, the center portion of transect 24 (be-
tween the 70 and 140 m stations in Fig. 3d) was covered 
in vegetation. Th ere were some points extracted from 
the dem that fell beneath the surveyed water- surface 
elevation, which may indicate that the photogramme-
try soft ware was able to generate a surface in some of 
the submerged areas in the channel. We report the root 
mean square error in elevation for the emergent points 
along the surveyed transects in Table 2B.

Results

Dyer Site
We report the targets retained in the creation of the dem 
and their errors in Table 3A. We used the same analysis 
procedure to evaluate the Dyer dem (Fig. 4A). As with 
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for each target are provided in Table 4. Assuming a base 
elevation of 705 m, we calculated the total volume of the 
piles to be approximately 6,070 m3.

Discussion

Th e accuracy of the survey methodology presented 
herein is inextricably linked to both the quality of the 
images collected by the uas platform and the post- 
processing workfl ow. Projects created in the Photo-
ScanTM soft ware use a texture matching algorithm to 
fi nd common tie points between images for alignment. 
During the automated process of tie point generation, 
the program will identify tie points that, because of 
motion or vibration of the camera, are from blurred 
imagery. Th e reduced resolution in these blurred im-
ages causes mismatches in pixel location between im-
ages, which in turn introduces error in the alignment 
process. Th e error, expressed in pixels, can be thought of 
as a quantitative measure of the ability of that alignment 
to correct for the lens distortion of the camera. Th e 
challenge is to gradually remove tie points to minimize 
errors in the alignment but retain enough tie points to 
generate a surface model with suffi  cient density for a 
particular application. By iterating on the selection of 
tie points used in the alignment, an error minimum can 
be found that produces an optimal alignment.

A second component that infl uences the overall 
accuracy of the project workfl ow is the registration of 

Table 2A.  Root mean square errors (rmse) for the 
targets used in the Cottonwood Ranch 
PhotoScanTM project workfl ow

Target x- rmse (m) y- rmse (m) z- rmse (m)
100 – 0.005 0.030 – 0.029
101 – 0.001 – 0.032 0.010
103 0.030 – 0.003 0.017
104 – 0.024 0.037 – 0.034
108 0.029 0.026 – 0.029
111 – 0.017 – 0.025 0.020
112 – 0.019 – 0.004 0.029
114 0.011 – 0.020 – 0.039
118 – 0.031 – 0.020 0.027
125 0.020 0.020 0.039

Total 0.021 0.024 0.029

Table 2B.  Root mean square error (rmse) in elevation 
for the emergent points along each surveyed 
transect

Transect 1 8 16 24
z- rmse (m) 0.05 0.06 0.12 0.05
n 13 6 18 12

Table 3A.  Root mean square errors (rmse) for the 
targets used in the Dyer PhotoScanTM 
project workfl ow

Target x- rmse (m) y- rmse (m) z- rmse (m)

100 0.050 0.043 – 0.019

110 – 0.018 – 0.025 0.009

116 – 0.020 0.015 0.028

118 – 0.013 – 0.027 – 0.014

122 – 0.048 – 0.041 0.012

125 0.020 – 0.007 – 0.013

126 0.002 0.020 – 0.022

129 – 0.005 – 0.003 0.017

130 0.021 0.019 – 0.002

132 0.026 0.025 – 0.013

134 – 0.006 – 0.023 0.011

137 – .008 0.014 0.011

138 – .009 0.006 0.021

140 0.013 – 0.016 – 0.027

Total 0.023 0.023 0.017

Table 3B.  Root mean square error (rmse) in 
elevation for the emergent points along 
each surveyed transect

Transect 3 4 5
z- rmse (m) 0.05 0.06 0.04
n 25 33 14

Table 4.  Root mean square errors (rmse) for the 
targets used in the Dyer stockpile 
PhotoScanTM project workfl ow

Target x- rmse (m) y- rmse (m) z- rmse (m)
142 – 0.00008 – 0.03 0.00006
144 – 0.04 0.01 0.04
146 0.04 0.03 – 0.0002

Total 0.03 0.02 0.0001



Figure. 5. Digital elevation model of sand piles on the Dyer property used for the pilot- scale sediment augmentation project.
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reaches. We demonstrate with the uas described in this 
paper that the vertical accuracy is highly dependent on 
the quality of imagery and the post- processing work-
fl ow. If enough accurate ground control is established 
in the site, errors can be minimized in the topographic 
model and can approach the centimeter- level vertical 
precisions of aerial lidar. Future advances in uas hard-
ware (gps and inertial navigation systems) may enable 
increased precision in the positioning of imagery, reduc-
ing or perhaps at some point even eliminating the need 
for ground control targets. Th ose advances, combined 
with more sophisticated payloads that include higher 
resolution imagers and/or active ranging sensors, prom-
ise to make this rapidly evolving technology a viable op-
tion for relatively low- cost environmental monitoring.
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